؉ and CD8 ؉ T cells and therefore is essential for T-cell renewal. The goal of this study was to assess the impact of simian immunodeficiency virus (SIV) infection on the production of T cells by the thymus. Levels of recent thymic emigrants within the peripheral blood were assessed through quantification of macaque T-cell receptor excision circles (TREC). Comparison of SIVinfected macaques (n ‫؍‬ 15) to uninfected macaques (n ‫؍‬ 23) revealed stable or increased TREC levels at 20 to 34 weeks postinfection. Further assessment of SIV-infected macaques (n ‫؍‬ 4) determined that TREC levels decreased between 24 and 48 weeks postinfection. Through the assessment of longitudinal time points in three additional SIVmac239-infected macaques, the SIV infection was divided into two distinct phases. During phase 1 (16 to 30 weeks), TREC levels remained stable or increased within both the CD4 and CD8 T-cell populations.
The thymus is responsible for de novo production of CD4 ϩ and CD8
ϩ cells from T-cell progenitors. Naïve T cells from the thymus comprise a diverse T-cell receptor repertoire that is critical for the maintenance of a competent immune system (20, 23, 33) . In normal healthy adults, the importance of a functional thymus is not clear; however, the thymus may be critical in human immunodeficiency virus (HIV) disease, in which T cells are being destroyed in large numbers (22, 59) . The evidence to date suggests that HIV infection impairs thymic function (1, 4, 16, 24, 27, 29, 36, 39, 46) . Infants infected with HIV, particularly those with detectable levels of virus at birth, have morphological evidence of thymic dysfunction (16, 39) . Experiments in the SCID-hu mouse model have determined that specific thymocyte subsets are infected and illustrate how HIV infection may impair thymopoiesis (1, 24, 36) . Understanding the effect of HIV on the thymus is crucial to the design of strategies to enhance immune reconstitution in infected patients treated with antiviral therapy.
There are no practical ways to distinguish phenotypically between cells that have recently emigrated from the thymus and long-lived naïve cells in the periphery. However, the episomal DNA molecules formed during excisional rearrangement of the T-cell receptor genes within the thymus can be used as an additional marker for recent thymic emigrants in the peripheral blood (26, 55, 56) . These products, termed Tcell receptor rearrangement excision circles (TREC), are stable (30) , do not duplicate during mitosis, and are subsequently diluted out with each cell division (50, 55) . In HIV-infected patients, particularly children, TREC levels are decreased in both the CD4 ϩ and CD8 ϩ T-cell subsets (8) (9) (10) 61) . There is a correlation between the degree to which TREC levels decline and the rate of disease progression (14) . In addition, following administration of highly active antiretroviral therapy to HIVinfected adults, TREC levels were generally found to increase (10, 47) . Highly active antiretroviral therapy-treated patients who exhibit a failure of thymic T-cell production may exhibit a good virological response that is not accompanied by a substantial increase in CD4 ϩ T cells (51) .
Infection of rhesus macaques with simian immunodeficiency virus (SIV) can result in the onset of simian AIDS, generally within 6 months to 2 years postinfection (21, 41, 45, 58) . SIVinfected cells within the thymus can be observed by 7 days postinfection (60) . The majority of infected thymocytes and thymic macrophages are present within the thymic medulla, where mature thymocytes reside (28, 60) . A study addressing thymic changes during the acute phase of infection indicated that evidence of thymic dysfunction during days 7, 14, and 21 postinfection are partially reversed by day 50 postinfection (60) . The thymic function found at 50 days postinfection is unlikely to be long lived, as SIV infection generally results in thymic involution and histopathogenic lesions (2, 28, 60) .
Our goal was to assess thymic function in SIV-infected macaques without the requirement that the macaques be sacrificed. In previous studies, we demonstrated that the TREC assay could be used to assess levels of recent thymic emigrants in the peripheral blood of both rhesus macaques and sooty mangabeys (44) . Here, TREC levels were assessed in SIVinfected macaques in both cross-sectional and longitudinal analyses. These analyses enabled the SIV disease course to be divided into two distinct phases. Phase 1 (16 to 30 weeks) involves stable or increasing TREC levels, and phase 2 (after 16 to 30 weeks) is characterized by a steady decline in TREC levels. Assessment of the thymus at necropsy identified an increased number of memory/effector CD8 ϩ T cells and an increased level of apoptotic/terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end labeling (TUNEL)-positive cells, similar to findings observed during HIV infection (17, 48) . In summary, reduced levels of TREC within the peripheral blood can be observed beginning at 16 to 30 weeks post-SIV infection and correlate with changes indicative of dysfunction within the thymic tissue.
MATERIALS AND METHODS

SIV infection of rhesus macaques (Macaca mulatta).
Uninfected macaques assessed in the cross-sectional analysis have been described previously (44) . The SIV-positive macaques assessed in the cross-sectional analysis were being used in ongoing studies at the New England Regional Primate Research Center (n ϭ 4), the California Regional Primate Research Center (n ϭ 3), and Bioqual Research Laboratories (Rockville, Md.) (n ϭ 8). These macaques were infected intravenously with either SIVmac239 (n ϭ 4; ages 0.7, 1.5, 1.5, and 1.5 years), SIVmac251 (n ϭ 3; ages 2, 3, and 4 years), or SIVE660 (n ϭ 8; ages 3, 3.5, 4, 4, 4, 4, 4, and 6.5 years) (37) .
Peripheral blood samples were obtained from these infected macaques at 20 to 34 weeks postinfection. Samples from four of the 4-year-old SIVE660-infected macaques were obtained at both 24 and 48 weeks postinfection. In addition, three macaques (RSm5 [RM1], RTq5 [RM2], and RUh5 [RM3]) were infected with 2.5 ϫ 10 5 50% tissue culture infectious doses (determined in CEMx174 cells) of SIVmac239 at the Yerkes Regional Primate Research Center and followed longitudinally. All animals were maintained in accordance with National Institutes of Health guidelines, and appropriate approvals were obtained from the local Animal Care and Use committees.
Plasma viral RNA. The SIV plasma viral loads were measured by real-time PCR as described previously (49) .
Measurement of TREC in sorted cells. The sorting of peripheral blood mononuclear cells (PBMC) by magnetic-activated cell sorting (Miltenyi Corp.) into CD8 ϩ and CD8-depleted T-cell populations (to obtain CD4 ϩ TREC levels) was performed as previously described (44) . TREC levels in Fig. 1 and 2 were obtained by quantitative competitive PCR as previously described (38, 44) . The TREC analysis presented in Fig. 4 was quantified by real-time PCR as described for humans (11) . The sequences of the primers (5Ј-CACATCCCTTTCAACCA TGCT-3Ј and 5Ј-GCCAGCTGCAGGGTTTAGG-3Ј) (amplifying a 108-bp fragment) and probe (5Ј-FAM-ACGCCTCTGGTTTTTGTAAAGGTGCTCACT-QSY-3Ј [Megabases Inc., Chicago, Ill.]) were altered from the human sequences to match macaque sequences.
All samples and standards were assessed in duplicate. TREC DNA standards ranged from 10 2 to 10 7 TREC molecules and were used to determine TREC levels within a cell lysate containing 100,000 cells. Lysates were assessed to ensure that each contained similar amounts of PCR-amplifiable DNA with the Taqman glyceraldehyde-3-phosphate dehydrogenase control reagent (PE Biosystems). The addition of the glyceraldehyde-3-phosphate dehydrogenase normalization increases our confidence that the TREC changes observed in the CD8 ϩ populations are not due to differences in the preparation of the cells or inhibitors in the cell lysate. Real-time PCR was performed on the ABI Prism 7700 sequence detector (Applied Biosystems).
Monoclonal antibodies used for flow cytometry. The antibodies used for immunophenotyping of rhesus peripheral blood mononuclear cells were anti-CD4 (clone SK3); anti-CD8 (clone SK1); anti-CD45RA (clone L48) and anti-CD62L Three different viral strains were examined, SIVmac239 (four animals), SIVmac251 (three animals), and SIVE660 (eight animals). SIV-positive TREC levels were highest in the youngest macaques and declined with age. No apparent isolate-specific differences in TREC levels were observed between the SIVmac239-, SIVmac251-, and SIVE660-infected macaques.
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Ki67 monoclonal antibody (clone R0840) (Dako Corp.) directed toward the nuclear antigen Mib-1 was used. The antibodies were conjugated to the following fluorophores: fluorescein isothiocyanate (CD45RA, CD3, and CD11a), phycoerythrin (CD62L, CCR5, CD4, and Ki67), peridinin chlorophyll protein (CD8), and allophycocyanin (CD4 and CD95). Isolation and immunophenotyping of PBMC. PBMC were isolated via a Ficoll Hypaque gradient and assessed with four fluorometric markers to determine the absolute number of specific cell subpopulations. Staining was performed in 1ϫ phosphate-buffered saline (PBS), 1% bovine serum albumin and 0.1% NaN 3 (fluorescence-activated cell sorting [FACS] buffer). Antibodies were added to 500,000 to 1,000,000 cells and incubated for 20 min on ice in the dark. For intracellular Ki67 staining, PBMC were first stained with anti-CD4, anti-CD8, and anti-CD3. They were then fixed and permeabilized with Becton Dickinson FACS lysing solution with 0.025% Tween 20, washed twice in FACS buffer, and stained with the Ki67 monoclonal antibody. After the antibody incubations were completed, the cells were washed in FACS buffer and fixed in 1% paraformaldehyde.
Isolation and immunophenotyping of thymocytes. Thymocytes were obtained from macaque RM2 at necropsy (4.5 years of age) and macaques 30379 and 30381 (3.5 years of age). Macaques 30379 and 30381 had been exposed to an oral inoculation (SIVmac251) 2 days prior to necropsy and did not contain detectable virus within the thymus. Thymic tissue was subjected to mechanical disruption and filtration through a 70-m nylon mesh (Falcon). After collection, thymocytes were placed in FACS buffer, and the appropriate antibodies were added to 500,000 to 1,000,000 cells. After the antibody incubations were completed, the cells were washed in FACS buffer and fixed in 1% paraformaldehyde.
Flow cytometry. Flow cytometric analysis of samples was performed on 50,000 acquired events with a FACScalibur flow cytometer (Becton Dickinson). Analyses of these data were undertaken with Paint-A-Gate software (Becton Dickinson). Cells were gated with forward and side scatter by a generous lymphocyte gate, so that dividing lymphocytes were also included.
In situ TUNEL assay and immunohistochemistry. Prior to infection, a small biopsy sample was obtained from the thymus of animals RM1, RM2, and RM3. Thymus samples obtained at biopsy or necropsy were placed in Streck tissue fixative buffer (Streck Laboratories, Inc., Omaha, Neb.) and then paraffin embedded. Sections (5 m) were placed onto slides, the paraffin was removed in xylene, and the samples were rehydrated in 100, 95, then 70% ethanol and finally washed in PBS (pH 7.4). Tissue sections were then placed on ice in a citrate buffer with Triton X-100 (Sigma) for 5 min. After three washes in PBS, the TUNEL reaction mixture (In Situ Cell Death Detection Kit; Roche, Indianapolis, Ind.) was applied to the tissues and incubated at 37°C in a humidity chamber as per the manufacturer's instructions.
Following the TUNEL reaction, cells were washed in PBS and subjected to a 10-min incubation either with anticytokeratin antibody (Dako Corp., catalog no. A0575) and a biotinylated anti-rabbit immunoglobulin antibody (Lsab 2; Dako Corp.) or with anti-CD68 biotin-conjugated antibody (Dako Corp., clone KP1) at room temperature. The tissue was then incubated with streptavidin RPE (Dako Corp.) for 10 min prior to the application of a 1:1,000 dilution of 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Molecular Probes). All sections were mounted in FluorSave (Calbiochem, San Diego, Calif.) and assessed with multicolor analysis on a digital light microscope (Zeiss Axiovert 100 M). Images were captured and analyzed with Open Lab (Improvision, Inc.).
Statistical methods. Separate analyses were conducted for CD4 ϩ and CD8 ϩ T cells (Fig. 1) . Each analysis employed the Wilcoxon rank sum test with age as a covariate.
RESULTS
Cross-sectional analysis of TREC levels within SIV-infected macaques. A cross-sectional assessment of TREC levels in SIV-infected macaques at 20 to 34 weeks postinfection was undertaken. To ensure that the results were representative of different pathogenic SIV isolates, we assessed SIVmac239-, SIVmac251-, and SIVE660-infected macaques. TREC levels were measured in both CD4 ϩ and CD8 ϩ T cells isolated by magnetic bead separation as described previously (44) .
Within the CD4 ϩ T cells, the TREC levels were significantly higher than those observed within CD4 ϩ T cells from the uninfected macaques (P Ͻ 0.01) (Fig. 1A) . The CD4 TREC level varied depending on the age of the SIV-positive macaque. 
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The youngest macaques assayed, 0.7 to 3 years of age (SIVmac239 [n ϭ 3] and SIVmac251 [n ϭ 2]), contained the highest levels of CD4 TREC (mean, 21,845 TREC/100,000 cells). The SIV-positive macaques between 3.5 and 4 years of age (SIVE660 [n ϭ 6] and SIVmac251 [n ϭ 1]) contained a lower level of CD4 TREC (mean, 7,112 TREC/100,000 cells). Finally, the SIVE660-infected macaque that was 6.5 years of age contained the lowest CD4 TREC level observed (280 TREC/ 100,000 cells). The CD8 TREC levels within the SIV-positive macaques also declined with the age of the macaque (Fig. 1B) . However, in contrast to the results for the CD4 TREC, the CD8 TREC levels were slightly lower than the TREC levels observed in the uninfected macaques (Fig. 1B) . Although this is suggestive, the Wilcoxon rank sum test did not assign statistical significance to the difference in the level of CD8 TREC in the SIV-positive macaques compared to the uninfected macaques (P ϭ 0.09). Therefore, cross-sectional TREC analysis within the CD4 ϩ and CD8 ϩ T-cell populations at 20 to 34 weeks postinfection did not provide any indication of thymic dysfunction within the SIV-positive macaques.
We hypothesized that 20 to 34 weeks postinfection may be too early after infection to observe a decrease in thymic output as determined by TREC levels in peripheral T cells. Therefore, an additional blood sample was obtained from four of the SIVE660-infected macaques at 48 weeks postinfection (each 4 years of age). These macaques exhibited declining CD4 T-cell levels and sustained high plasma viremia between 24 and 48 weeks postinfection ( Fig. 2A and B) . Over this 24-week time period, the CD4 ϩ TREC levels decreased in each macaque (Fig. 2C ). The CD8 ϩ TREC level decreased within three macaques and remained unchanged in the fourth (Fig. 2D) . These findings indicate that the levels of recent thymic emigrants, as determined by TREC levels, are declining between 24 and 48 weeks postinfection. Although this result is suggestive of a decline in thymic output during this time period, it is possible that increased levels of T-cell proliferation are influencing TREC levels in these SIV-positive macaques.
Longitudinal assessment of macaques infected with SIVmac239. Assessment of SIVE660-infected macaques at 24 and 48 weeks postinfection indicated the importance of longitudinal samples in assessment of changes in peripheral blood TREC levels. We subsequently inoculated three macaques intravenously with a SIVmac239 viral stock so that they could be monitored longitudinally and levels of T-cell proliferation could be assessed (Fig. 3) . The three SIVmac239-inoculated macaques represented a range of disease outcomes. Macaque RM1 succumbed to simian AIDS at 35 weeks postinfection (Fig. 3A) . RM2 displayed high viral loads and low CD4 ϩ T-cell counts throughout the disease course until it succumbed to simian AIDS at 65 weeks postinfection (Fig. 3B) . Macaque RM3 is a slow progressor with low viral load and slowly declining CD4 ϩ T-cell numbers at 120 weeks postinfection (Fig.  3C) .
Levels of naïve (CD45RA/CD62L) T cells were observed to fluctuate throughout the disease course (Fig. 4) . The percentage of T cells exhibiting a naïve phenotype increased (CD4 and CD8 in RM1, CD4 in RM2) or remained stable (CD8 in RM2, CD4 and CD8 in RM3) at early times postinfection. After approximately 35 weeks of infection, the percentage of naïve cells declined within the CD4 and CD8 subsets of RM2. This decrease in the percentage of naïve T cells may be due to alteration in T-cell proliferation, virus-induced cell death (direct and/or indirect), or alterations in thymic output.
Phase 1: TREC levels during the first 16 to 30 weeks of SIV infection are stable or increasing. Assessment of TREC levels in the SIVmac239-infected macaques enabled the SIV infection to be divided into two distinct phases. Phase 1 encompassed the first 16 to 30 weeks, during which time the TREC levels were observed to fluctuate but generally remained stable or increased compared to the preinfection TREC levels (Fig.  5) . The increased level of TREC within both CD4 ϩ (RM1, RM2, and RM3) and CD8 ϩ (RM1 and RM3) T cells during phase 1 was not expected based on the studies of HIV-infected patients (9, 10, 61) . The increasing levels of TREC can in part be explained by an increase in the percentage of T cells with a naïve phenotype in RM1's CD4, RM1's CD8, and RM2's CD4 cells (Fig. 4 ). An increase in the percentage of naïve T cells would be predicted to increase TREC levels because this cell type contains the majority of TREC molecules (10) . Second, a decrease in T-cell proliferation in the presence of stable thymic output would also be predicted to increase TREC levels (9, 10, 19) .
Here, T-cell proliferation was assessed with antibodies to Ki67, a nuclear protein expressed in proliferating cells (12, 13) . In uninfected macaques, we observed Ki67 levels between 1 and 4% in the CD4 and 1 and 3% in the CD8 T cells. In the SIV-infected macaques, Ki67 levels were stable or elevated during phase 1. Therefore, we did not observe a general decrease in T-cell proliferation correlating with the increased TREC levels (Fig. 6) . In summary, phase 1 of the infection was defined by stable or increasing TREC levels within the peripheral T cells, with no evidence of thymic dysfunction.
Phase 2: TREC levels decline after 16 to 30 weeks of infection. In humans who have undergone a total thymectomy, TREC levels begin to decrease after about 100 days (14 weeks) (42) . Similarly, a decrease in TREC levels was observed after 16 to 30 weeks in the SIVE660-and SIVmac239-infected ma- TREC levels will be influenced by the influx of TRECcontaining T cells into the peripheral blood, the proliferation rate of the T cells, and the percentage of naïve T cells within the periphery. A recent study of HIV-infected patients determined that the loss of TREC during HIV infection is a result of both decreased thymic output and increased proliferation of the TREC-containing cells (9) . In the SIV-infected macaques, T-cell proliferation levels (Ki67 ϩ ) were elevated at some phase 2 time points for both RM2 and RM3 (Fig. 6) . It is likely that increased cellular proliferation is contributing, at least in part, to the declining TREC levels at these times. However, there
FIG. 4. Longitudinal analysis of naïve T-cell levels in SIVmac239-infected macaques RM1 (E), RM2 (s), and RM3 (ϩ). The percentages of CD4
ϩ (A) and CD8 ϩ (B) cells with a naïve phenotype (CD45RA ϩ CD62L ϩ ) are plotted for each macaque.
FIG. 5. Longitudinal analysis of TREC levels in SIVmac239-infected macaques RM1 (E), RM2 (s), and RM3 (ϩ). The TREC levels were assessed in CD4
ϩ (A) and CD8 ϩ (B) cells. TREC levels were determined by real-time Taqman PCR analysis. Phase 1 (stable or increasing TREC levels) and phase 2 (decreasing TREC levels) are indicated on each graph.
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on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from are numerous time points at which TREC levels are declining and yet the frequency of Ki67 ϩ lymphocytes remains low (i.e., RM3 CD4
ϩ cells at 24 to 70 weeks postinfection [ Fig. 5A and 6A]). Therefore, an increased level of cellular proliferation is not sufficient to fully explain the phase 2 TREC decline, indicating that decreased thymic output is also contributing to the phase 2 TREC decline.
Assessment of thymus tissue following SIV infection. RM2 succumbed to an AIDS-related lymphoma, wasting, and diarrheal disease at 65 weeks postinfection. At necropsy, thymic tissue was obtained and assessed. Previous studies have determined that SIV can be detected at early times postinfection (7 days) (60) . The infected cells are located predominantly within the thymic medulla, where the more mature single CD4 ϩ and CD8 ϩ thymocytes reside (60) . Here SIV gag-specific PCR verified that SIV was present in the thymic tissue after 65 weeks of infection. Serial dilutions of RM2 thymocyte DNA determined that SIV viral load was relatively low, 1 to 10 proviral copies within 4,000 thymocytes.
During an HIV infection, an influx of lymphocytes, predominantly CD8 ϩ memory/effector cells, is observed within the thymus (17, 43) . To assay for the presence of memory/effector T cells in the thymus of RM2, the thymocytes were assessed by flow cytometry. Memory/effector T cells were identified by the coexpression of CD3 and the chemokine receptor CCR5 (3) (Fig. 7) . The dot plots depicting the CCR5 ϩ and CD3 ϩ thymocytes from two control macaques and for RM2 obtained at necropsy are shown in Fig. 7 . Within the unfractionated thymocytes, 2.44 and 0.89% of the cells expressed CCR5 and CD3, respectively, in the control macaques. This percentage was 11.69% for the thymocytes isolated from RM2. These CCR5 ϩ CD3 ϩ T cells were predominantly CD8 ϩ CD4 Ϫ (Fig.  7E) and are likely to represent CD8 ϩ memory cells. In addition, the memory/effector cell markers CD95 ϩ (Fas) and CD11a ϩ (LFA1) were also used. The increase in CD95 analysis was used to assess the location and quantity of apoptotic cells within thymic tissue obtained from RM2 prior to infection and at necropsy. The TUNEL assay identifies lowmolecular-weight DNA within the nucleus as well as the cytoplasm of cells undergoing apoptosis (34) . Thymocyte maturation occurs within the epithelial space of the thymus, identified by anticytokeratin antibodies (Fig. 8) (17, 18) . Prior to infection, approximately 1% of the area of RM2's thymus was TUNEL positive (identified in green) (Fig. 8A) . A similar level of apoptosis was observed within two control macaques (data not shown). In contrast, approximately 4% of the area of RM2's thymic tissue at necropsy contained TUNEL-positive cells (Fig. 8B) . The paucity of Hassall's corpuscles at necropsy further indicated that the thymic architecture had been affected by the infection. Compared to the surrounding thymocytes, many of the TUNEL-positive cells in Fig. 8 were large and irregularly shaped. By using anti-CD68 antibodies, the large TUNEL-positive cells were identified as macrophages (yellow/orange indicating CD68 ϩ , TUNEL-positive cells) (Fig. 9) . CD68 ϩ , TUNEL-positive cells (yellow or orange) were identified within both the RM2 thymus prior to infection (Fig. 9A ) and at necropsy (Fig. 9B) . These macro- (35, 57) . Although many of the TUNEL-positive cells were located among the immature thymocytes in the cortex, apoptotic cells were also observed within the thymic medulla.
DISCUSSION
HIV and SIV are capable of infecting thymocytes, resulting in thymocyte depletion and thymic atrophy (2, 8, 17, 39, 40, 48, 52) . In the present study, we used measurement of TREC levels in the peripheral blood as a means to evaluate thymic function. TREC analysis enabled the SIV infection to be divided into two distinct phases. Phase 1 involved stable or increasing TREC levels within both the CD4 and CD8 T-cell populations. Within the SIVmac239-infected macaques, phase 1 lasted throughout the first 16 to 30 weeks. The cross-sectional analysis of SIV-positive macaques (Fig. 1 ) assessed samples at 20 to 34 weeks postinfection. The TREC levels were similar to or higher than the levels in the uninfected macaques, possibly because these macaques were likely at the end of phase 1 or the very beginning of phase 2.
The observation that TREC levels were sometimes elevated within the peripheral T cells, particularly in the CD4 ϩ cells, was not expected based on the studies of HIV-infected patients (9, 10, 61) . Previous studies have assessed thymic tissue from SIV-infected macaques through 50 days postinfection. These studies have identified alterations in the thymocyte subsets, increased thymocyte proliferation, altered thymic architecture, and an increased level of thymocyte apoptosis at the earliest time points (days 7, 14, and 21 postinfection) (40, 60) . However, at 50 days postinfection, many of these changes had resolved, indicating that the thymus could function during an SIV infection (40, 60) . Alternatively, the increase in TREC levels may not be due to any changes within the thymus but rather to an increase in the percentage of cells that contain TREC in the peripheral blood (naïve phenotype). The increased percentage of cells with a naïve phenotype (Fig. 4A ) may result from an increase in the number of cells in the naïve cell pool or a decrease in the number of cells in the memory cell pool. A specific decrease in CD4 ϩ memory/effector T cells has been documented following SIV infection (25, 54) .
In conclusion, there are two hypotheses that might explain the stable or increasing TREC levels during phase 1: thymic output is maintained or increased to compensate for the T-cell destruction, or thymic output is reduced, but this decrease is not detectable in the periphery until after 16 to 30 weeks of infection.
A decline in TREC levels during HIV infection has been attributed to both decreased thymic output and increased proliferation of peripheral T cells (9, 10, 19, 61) . Within the SIVinfected macaques, TREC levels did not decline until the second phase of infection, after 16 to 30 weeks. This decrease was observed within the four SIVE660-infected macaques (Fig. 2) as well as two of the SIVmac239-infected macaques, RM2 and RM3 (RM1 succumbed to AIDS prior to the start of phase 2). The decline in TREC levels did not appear to be dependent on high viral loads, as it declined within the slow progressor RM3 with undetectable viral loads for most of the disease course.
We have now followed macaque RM3 for 120 weeks, and TREC levels in this animal are still low, ranging from undetectable (Ͻ20 TREC/100,000 cells) to 200 TREC/100,000 cells within the CD4 and CD8 T cells. However, the decline in TREC levels during phase 2 of the SIV infection does not in itself indicate decreased thymic output. The use of the proliferation marker Ki67 offers a means by which the proliferation status of CD4 and CD8 T cells can be assessed. Our data did not demonstrate a direct association between low TREC levels and increased Ki67 expression. Therefore, dilution of TREC molecules through proliferation is not sufficient to explain all observed phases of TREC decline. This finding is similar to data obtained from HIV-infected patients (9) and suggests that both T-cell proliferation and thymic output are contributing to the decreased peripheral blood TREC levels observed in SIVinfected macaques. An earlier cross-sectional study assessed PBMC ␣1 circles (TREC) in macaques infected at 3 months to 3 years of age and did find a detectable but limited (approximately 0.3 log units) impact of SIV infection in macaques (5) . In addition, the previous study also assessed ␣1 circles (TREC) at longitudinal time points in six SIVmac251-infected macaques. Three macaques exhibited the phase 1-phase 2 pattern observed here, and three macaques contained stable ␣1 circle (TREC) levels for 400 to 800 days (5) . Therefore, an infection by SIV does not always result in low peripheral blood TREC levels in macaques. Both viral (strain, dose, and infection route) and host factors are likely influencing the levels of recent thymic emigrants within the peripheral blood of SIV-infected macaques.
Quantification of TREC levels within the peripheral blood represents an indirect assessment of thymic output during SIV infection. Thymic tissue was assessed directly from a macaque that progressed to disease over 65 weeks (RM2). Previous studies have observed increased levels of infiltrating lymphocytes within the perivascular space around the thymic epithelium (18) . We used flow cytometry to observe an increase in the level of memory/effector CD8 ϩ T cells in the SIV-infected thymus. These memory/effector CD8 ϩ T cells may have been located within the perivascular space or within the epithelial space, which was the predominant tissue observed following in situ analysis.
Here, increased levels of apoptosis within the epithelial space were observed. These apoptotic cells were particularly evident within the thymic cortex, where the immature thymocytes reside. Many of the apoptotic cells were CD68 ϩ macrophages, which may be undergoing apoptosis due to an SIV infection (60) or through an indirect mechanism. However, it is likely that the macrophages in the thymus may be becoming TUNEL-positive due to their role as scavengers responsible for removal of the apoptotic thymocytes. In mice, thymic macrophages have been demonstrated to acquire low-molecularweight DNA from the apoptotic thymocytes and become TUNEL positive (35, 57) . The increased level of apoptotic T cells within the thymic cortex is unlikely to be directly due to viral infection. Similar to findings in other studies, levels of SIV DNA were quite low (1 to 10 proviral copies/4,000 thymocytes) (60) . Therefore, an indirect mechanism may be affecting the thymocytes, resulting in an increased level of apoptosis. Rosenzweig and colleagues assessed the thymic tissue from macaques through 50 days of an SIV infection and observed an increase in Fas and Fas ligand, two proteins involved in apoptotic induction (40) . In addition, there was a decrease in Bcl-2, a protein that protects cells from apoptosis-inducing signaling (40) . It is possible that shifts in the cytokines that affect thymic function (52) may be impacting the expression of these apoptosis-related proteins.
T cells generated from thymopoiesis would be predicted to have a broad T-cell repertoire capable of mounting a T-cell response to novel antigens. In contrast, the peripheral expansion of T cells leads to the expression of limited repertoires with limited abilities to identify novel antigens (31) (32) (33) . The findings presented here demonstrate declining TREC levels (indirect measure of thymic dysfunction) and increased levels of memory/effector CD8 ϩ T cells and apoptosis (direct assessment of thymic dysfunction) in the SIV-positive macaque thymus. Similar findings have been observed for HIV (17, 48, 52) as well as at early time points post-SIV infection (40, 60) . It is likely that a reduced thymic output is contributing to the skewed T-cell receptor repertoire observed during HIV (7, 15) and SIV (6) infection. A limited T-cell receptor repertoire would be predicted to impair the ability of the immune system to respond to a wide range of antigens, possibly resulting in the opportunistic infections and cancers characteristic of AIDS.
There are a number of mechanisms by which HIV and SIV may be inducing thymic dysfunction, including the direct killing of thymocytes (4, 27, 46) , killing of the dendritic cells required for normal thymocyte development (53) , damaging of the thymic epithelial cells required for normal thymopoiesis (46) , and inhibition of thymocyte signaling. SIV infection of macaques will be a useful animal model for distinguishing the influence of each of these mechanisms in lentivirus-induced thymic dysfunction.
